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Abstract: Based on the AFM-bending experiments, a molecular dynamics (MD) bending simulation 
model is established which could accurately account for the full spectrum of the mechanical 
properties of NWs in a double clamped beam configuration, ranging from elasticity to plasticity and 
failure. It is found that, loading rate exerts significant influence to the mechanical behaviours of 
nanowires (NWs). Specifically, a loading rate lower than 10 m/s is found reasonable for a 
homogonous bending deformation. Both loading rate and potential between the tip and the NW are 
found to play an important role in the adhesive phenomenon. The force versus displacement (F-d) 
curve from MD simulation is highly consistent in shapes with that from experiments. Symmetrical F-
d curves during loading and unloading processes are observed, which reveal the linear-elastic and 
non-elastic bending deformation of NWs. The typical bending induced tensile-compressive features 
are observed. Meanwhile, the simulation results are excellently fitted by the classical Euler-Bernoulli 
beam theory with axial effect. It is concluded that, axial tensile force becomes crucial in bending 
deformation when the beam size is down to nanoscale for double clamped NWs. In addition, we find 
shorter NWs will have an earlier yielding and a larger yielding force. Mechanical properties (Young’s 
modulus & yield strength) obtained from both bending and tensile deformations are found comparable 
with each other. Specifically, the modulus is essentially similar under these two loading methods, 
while the yield strength during bending is observed larger than that during tension.  
 
Keywords: Bending, Nanowires, Mechanical Properties, Beam Theory, Molecular Dynamics 
Simulation 
 
1. Introduction 
NWs are attracting increasing applications in diverse areas, such as the nanocomposites strengtheners 
[1], the active components of nanoelectromechanical systems (NEMS) including high frequency 
resonator [2, 3], force and pressure sensing [4], ultrahigh-resolution mass sensing [5], and other 
devices [6, 7]. Therefore, understanding of the mechanical properties of nanowires (NWs) is 
extremely important from both scientific and technological viewpoints. To probe into the NWs 
mechanical properties, researchers have carried out various experimental studies. For instance., based 
on the scanning tunnel microscope (STM) and scanning electron microscope (SEM), Dikin et al. [8] 
studied the resonance vibration of amorphous SiO2 NWs. A number of atomic force microscope 
(AFM)-based compression, bending and nanoindentation studies of NWs have also been conducted 
[9-12]. According to the in situ tensile tests, Richter et al. [13] confirmed that the properties of 
nanomaterials can be engineered by controlling defect and flaw densities. Seo et al. [14] found the 
defect-free Au NWs appear superplasticity on tensile deformation. Recently, Yue et al. [15] reported 
the ultrahigh elastic strains that can be sustained in Cu NWs using in situ tensile experiments. It is 
certain that, experimental studies could provide affluent and meaningful information on the 
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mechanical properties of NWs. However, due to the extremely small dimensions of NWs, the 
manipulation of these experiments is involving with huge challenges (e.g., the precise control of the 
pinning points of the NW), and the measurements of certain properties are also suffering from 
complications due to wire-substrate friction [16].  
In view of the deficiency of experiments, various numerical approaches are then proposed by 
researchers, such as ab initio calculation, multi-scale simulation and MD simulation [17]. Especially, 
the MD simulation is the most frequently applied method. In recent years, tremendous MD studies 
have been reported investigating the mechanical properties or deformation behaviours of NWs under 
diverse loading conditions. For example, the investigation of NWs mechanical properties under 
tensile deformation, including the influence from factors of strain rate, temperature, surface defects 
and others [18-21]. Other NWs deformations such as compression (buckling) and torsion have also 
been widely investigated [22-24]. Researchers found that, due to the significant surface-to-volume 
ratio of NW, a plethora of novel mechanical behaviours are emerged, such as the phase 
transformations [25], pseudoelastic behaviour [26] and shape memory [27, 28] effect. Particularly, 
majority of current MD simulations have focused on the mechanical analysis of NWs subjected to 
uniaxial load. Therefore, it is of great importance to exploit the mechanical behaviour of NWs under 
bending deformation.  
Although atomistic studies of the NWs bending behaviour have been pursued, these investigations 
usually focused on dynamic deformation behaviour instead of mechanical properties [29, 30]. For 
instance, Zheng et al. [31] reported the formation of two conjoint fivefold deformation twins (DFTs) 
in Cu NWs under bending. Some works did investigate the Young’s modulus of NWs under bending, 
however, a complete description of the bending deformation including the elastic and plastic 
deformation as well as failure is still lack, e.g., the work by McDowell et al. [32], and Chan et al. [33]. 
Furthermore, previous bending studies usually considered a displacement or force load directly 
applied to the NW instead using a real tip. For example, Wu [34] investigated the bending response of 
a Cu cantilever NW by applying a lateral force at one end of NW.  
Therefore, in this work, we propose a three-point bending model by MD simulations for double 
clamped NWs. This bending model is established according to the AFM-bending method proposed by 
Wu et al. [16, 35], who suggested that such bending approach could provide unambiguous 
measurements of the full spectrum of NWs mechanical properties, including Young’s modulus E, 
yield strength, plastic deformation and failure. To best mimic the real AFM-based bending 
experimental conditions, a real rigid tip is implemented during MD simulation. Note that, similar 
simulation model is initially discussed by Yan et al. [36], however, according to our simulation results, 
the loading rate applied by them seems to be too large, which might lead to inaccuracy on reflecting 
the actual deformation properties of Cu NW under bending. Therefore, we present a complete 
discussion of this three-point bending model in this work. Different factors including loading rate, as 
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well as adhesion effect is investigated. Furthermore, the classical Euler-Bernoulli beam theory with 
and without axial effect are discussed and compared with the MD results. 
 
2. Numerical Implementation 
2.1 Molecular Dynamics Setting 
Molecular dynamics (MD) simulations are carried out on double clamped Cu NWs subjected to pure 
bending deformation. The Large-scale Atomic/Molecular Massively Parallel simulator (LAMMPS) 
[37] is employed to carry out the MD simulation. Square cross-section Cu NW with the initial atomic 
configuration positioned at perfect FCC lattice site is considered, and the x, y and z coordinate axes 
represent the lattice direction of [100] , [010] , [001] , respectively. The simulation model is shown in 
Fig. 1. In detail, the NW is divided into two regions, including boundary region and mobile region. To 
mimic the clamped boundary condition, boundary regions in two ends are fixed in all three 
dimensions (x, y and z). A rigid diamond cylinder tip is employed to impose the bending load. As 
illustrated in Fig. 1, the initial distance between the tip and NW is 0.3615 nm, and the tip has a radius 
of 1.0845 nm and a length of 5.784 nm. The size of the NW is denoted as h h L  . No periodic 
boundary condition is adopted. 
The following embedded-atom-method (EAM) potential [38, 39] as developed by Mishin [40] is used 
to describe the Cu-Cu atomic interactions in these simulations. 
1
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2
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here V , F ,   are the pair potential, the embedded energy, and the electron cloud density, respectively. 
i and j are the number of atoms, and rij is the distance between them. This potential is chosen as it can 
reliably predict the material stacking faults energies and the stability of nonequilibrium structures of 
copper. For the Cu-C interaction, Morse potential is adopted, which is expressed by: 
0 02 ( ) ( )( ) [ 2 ]
a r r a r r
U r D e e
                                                                                                                 (2) 
where r is the length of a Cu-C bond and D, a, and r0 correspond to the cohesive energy, the elastic 
modulus, and the atomistic distance at equilibrium, respectively. Two sets of D, a and r0 applied by 
Hsieh et al. [41] and Yan et al. [42] are adopted, which are referred as M1 and M2 respectively as 
listed in Table 1. Note that, M2 is only applied when discussing the adhesive phenomenon due to the 
potential effect. The equations of motion are integrated with time using a Velocity Verlet algorithm 
[43].  
During each simulation, NWs are first relaxed to a minimum energy state using the conjugate gradient 
energy minimization and then the Nose-Hoover thermostat [44, 45] is employed to equilibrate the 
nanowires at 0.01 K. After that, a constant velocity is imposed to the tip. In order to analyse the partial 
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dislocation and stacking faults (SFs) during the tensile deformation, the centro-symmetry parameter 
[46] (csp) is used, which is defined by  
2
6
1,6
i i
i
csp R R 

                                                                                                                                 (3) 
where iR  and 6iR   are vectors corresponding to the six pairs of opposite nearest neighbours in FCC 
lattice. The csp value increases from 0 for perfect FCC lattice to positive values for defects and for 
atoms close to free surfaces. In this work, 0.5 3csp  , 3 12csp  , and 12csp   are assigned to 
identify the partial dislocations, stacking faults (SFs) and surface atoms, respectively.  
In addition, the virial atomic stress tensor is also adopted to reveal the bending deformation of NWs, 
which is defined as:  
1
2
i i i ij ij
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
                                                                                                            (4) 
where mi and vi are the mass and velocity of the atom i, Fij is the force between atom i and j, rij is the 
distance between atoms i and j, and the indices   and   denote the Cartesian components.  
 
3. Parametric Study 
For validation, MD results are first compared with experimental measurements. Fig. 2 represents the 
force versus displacement (F-d) curve of Cu NWs during loading and unloading processes. Consistent 
in shapes with the experimental results of Au NWs reported by Wu et al. [16], we observe a nearly 
symmetric F-d curve. Such consistency suggests that the MD model could provide validate 
information about the bending deformation properties of NWs. Further investigations of the 
simulation model are then discussed as below. Note that, a relative short Cu NW with the size of 
2.892 2.892 14.46   nm3 is chosen in this section to save the computational cost. 
 
3.1 Loading Rate Effect  
It is generally accepted that, loading rates could exert great influence to the performance of NWs. 
Therefore, it is crucial to examine the possible loading rate effect, as well as the reasonable loading 
rate for a bending deformation. In this section, several different loading rates including 50 m/s, 15 m/s, 
10 m/s, 6 m/s, 4 m/s, 2 m/s, and 1 m/s have been considered.  
Fig. 3 shows the F-d curves under different loading rates. As the reaction force resulted from the high 
loading rate of 50 m/s is very large (around 230 nN at the maximum displacement), thus, its F-d curve 
is excluded from Fig. 3. To note that, each F-d curve is obtained from a circle loading process, i.e., 
the NW is first loaded to the deflection of 1.2 nm and then unloaded to the initial state under the same 
constant loading rate. It is evident from Fig. 3(a) that, higher loading rate is always corresponding 
with larger reaction force. Such observation is consistent with the finding for NWs under tensile 
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deformation [47], i.e., higher loading rate induces larger yielding strength. As illustrated in Fig. 3(a), a 
reaction force around 58 nN is found for the loading rate of 15 m/s at the displacement of 1.2 nm, 
while, for the loading rate of 1 m/s, the reaction force is found only around 20 nN. Particularly, the 
reaction force is found to fluctuate with smaller amplitude for lower loading rate. As seen in Fig. 3(b) 
and 3(c), this trend is much more obvious at the beginning of loading, as well as at the maximum 
displacement.  
It is found that, loading rate smaller than 10 m/s is tend to produce similar F-d curve during loading 
and unloading, e.g., the loading rate of 2 m/s and 1 m/s. However, for large loading rate (such as 50 
m/s), the F-d curves during loading and unloading are totally different. According to the experimental 
results by Wu et al. [16], the asymmetry F-d curve during the whole loading circle is actually 
indicating plastic deformation happened during loading. To investigate this issue, several atomic 
configurations of the NW are presented in Fig. 4.  
In general, loading rate is found to exert large influence to the deformation behaviours of NWs. As 
illustrated in Fig. 4(a2), the high loading rate of 50 m/s behaviours like an impact load, leading a 
severe local plastic deformation underneath the tip. The NW structure beneath the tip is found in an 
amorphous state, with the rest appears unchanged. For the loading rate of 15 m/s, an intrinsic stacking 
fault (SF) is generated under the tip at the displacement of 1.05 nm, indicating the local plastic 
deformation emerged. Comparing with these two cases, loading rate of 1 m/s shows a homogenous 
bending deformation at the displacement of 1.05 nm. According to Fig. 4(c1), no obvious stress 
concentration is observed beneath the tip, and the entire NW is still in perfect FCC structure as 
revealed in Fig. 4(c2). It should be noted that, although the loading rate of 1 m/s is eight orders larger 
than the typical experimental value of 50 nm/s [16], it is already a very slow loading rate in the 
atomistic system, which could be taken as quasistatic. In all, we could conclude that, when the loading 
rate is fairly slow, the loading rate effect would be ignorable, and to perform a homogenous bending 
deformation, the loading rate should be below 10 m/s. In the meanwhile, high loading rate would 
induce large reaction force, and cause plastic deformation underneath the tip. Based on these 
conclusions, we find the loading rate of 200 m/s adopted by Yan et al. [36] seems too large for a Cu 
NW bending simulation, which might lead to inaccuracy on reflecting the actual deformation 
properties of Cu NWs. 
 
3.2 Adhesive Phenomenon 
Another issue arisen from the F-d curve in Fig. 3(a) is the negative value of the reaction force, which 
is indeed the adhesive force between the tip and NW. As primarily discussed by Yan et al. [36], the 
thinner of the NW, the larger the NW deforms due to the adhesive force. Besides of this size effect, 
our simulations suggest other factors also exert obvious influence to the adhesive phenomenon, e.g., 
loading rate and atomic interaction between the tip and NW. As previously presented in Fig. 3(b), 
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almost a same maximum adhesive force (around 2.0 nN) is observed for all loading rates at the 
beginning of loading. However, this is not the case during unloading process. From Fig. 5(a), we find 
for loading rate lower than 10 m/s, the adhesive force is uniformly around 4.5 nN. But for high 
loading rate, the adhesive force and the corresponding displacement appears very different. We find 
that, the higher the loading rate is, the smaller adhesive force appears. Atomic configurations in Fig. 4 
provide a good explanation for the diverse adhesive phenomenon. For high loading rate, the full 
recovery of the plastic deformation during unloading is not possible. The recovery speed is smaller 
than the unloading rates, which finally induces early separation between the tip and NW. It is 
noteworthy that, the plastic deformation for the NW under the loading rate of 15 m/s is still small, 
which is also fully recovered as shown in Fig. 4(b3). 
Two kinds of Cu-C Morse potential parameters (M1 and M2 as listed in Table 1) are employed to 
examine the potential effect to the adhesive phenomenon. To make comparison, a same size rigid 
virtual cylinder tip is also adopted. The virtual tip is similar as the spherical indenter tip applied by 
previous researchers during nanoindentation with no real shape [47, 48]. In particular, the virtual tip 
will exert a repulsive force between the tip and the NW, which is expressed as 2( ) ( )F r k r R   , 
here k is the specified force constant, r is the distance from the atom to the centre of the tip and R is 
radius of the tip. Fig. 5(b) shows the F-d curves during loading for these three different interactions 
between the tip and NW. As the virtual tip only provides repulsive force between the tip and NW, 
thus, no adhesive force is revealed in the F-d curve. According to Fig. 5(b), different adhesive force is 
produced from these sets of Morse potential parameters. In particular, the adhesive force is about 2.0 
nN and 7.5 nN for the Morse potential of M1 and M2, respectively. It is interesting to mention that, 
although the adhesive phenomenon diverges with different potential, the entire F-d curve is almost 
parallel to each other. Such finding indicates different potentials exhibit little influence to the whole 
deformation behaviours of NWs. Conclusively, both loading rate and potential play an important role 
in the adhesive phenomenon.  
 
4. Theoretical and Numerical Analysis for Bending Properties of Cu NWs 
4.1 Theoretical Analysis 
According to classical Euler-Bernoulli beam theory (EBT), Young’s modulus is related by the beam 
displacement d and the applied load F. For the double clamped beam discussed here, the resulting F-d 
curve is described by the following well-known equation [49]: 
3
192EI
F d
L
                                                                                                                                           (5) 
where F is the load applied to the centre of the beam, d is the resulting displacement of the beam at 
the load position, E is the Young’s modulus of the beam, I is the moment of inertia, and L is the beam 
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length. For square cross-section NW applied here, 
4 / 12I h  (h is the NW’s cross-sectional size). 
Apparently, for a given NW, Eq. 5 has predicted a linear relationship between F and d. 
Generally, when the beam is displaced, an axial tensile force is inherently induced due to the 
stretching of the beam. The common practice in continuum mechanics is to disregard  this stretching 
force as it has no noticeable effect on the behaviour of the beam [49]. However, when the size is down 
to nano-scale, such stretching force is expected to exert obvious influence to the beam bending 
behaviours, particularly when the NW is double clamped. By incorporating the contribution of the 
stretching force to the governing beam equation [50], Heidelberg et al. [51] proposed a modified 
nonlinear relationship between F and d: 
3
192
( )
EI
F f k d
L
 , ( )
48 192 tanh( 4) /
k
f k
k k


                                                                           (6) 
where k is solved from a complex transcendental equation, with the asymptotic solution given as:  
6 (140 )
350 3
s s
k
s



, 
2 As d
I
                                                                                                                      (7) 
Here, A is the cross-sectional area. The yield strength is then estimated from the yield force Fy in F-d 
curve before the onset of plastic deformation according to [49]: 
3
3
4
y
y
F L
h
                                                                                                                                                (8) 
 
4.2 Bending Properties of NWs 
Based on the parametric study in Section 3, an in-detail discussion of the bending deformation of Cu 
NW is then carried out. The loading rate of 1 m/s is applied in this section. Basically, in subsection 
4.2.1, a complete investigation of the bending deformation is conducted, with the adopted NW size as 
2.892 2.892 32.535   nm3. In subsection 4.2.2, the mechanical properties (Young’s modulus & yield 
strength) obtained from a group of Cu NWs under bending and tensile deformations are compared. 
These Cu NWs have the same cross-sectional size as 2.892 2.892 nm2, but different lengths ranging 
from 14.46 nm to 32.535 nm. 
 
4.2.1 Comparison of Theoretical and Numerical Studies 
Fig. 6(a) ~ (c) presents the F-d curves obtained during three cycles of repeated loading and unloading 
processes. In Fig. 6(a), the slope of the F-d curve during loading and unloading is found identical, and 
the F-d curve in both Fig. 6(a) and (b) appears symmetrical along the dashed line. According to 
Heidelberg et al. [51], these symmetrical F-d curves indicates the linear-elastic or non-elastic bending 
deformation of NWs, respectively. In other words, the NW is elastically loaded and unloaded. The 
subsequent atomic configurations in Fig. 7(a) ~ (c) reveal that no plastic deformation happens to the 
NW at the displacement of 2.9 nm, and the NW recovers to the original state after full unloaded. 
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However, increased loading eventually results in plastic deformation. From Fig. 6(c) and (d), a clear 
break is followed with the same initial elastic deformation region in Fig. 6(b), which corresponds to 
the yield point. According to Fig. 6(d), we find the reaction force is fluctuating around 15 nN after 
yielding, which implies the deformation occurs more readily afterwards. As illustrated in Fig. 7(d), 
partial dislocations are already nucleated beneath the tip at the displacement of 4.5 nm with the NW 
being obviously elongated, indicating the emergence of plastic deformation. Further loading 
eventually resulted in the failure of the NW, as shown in Fig. 7(e).  
The typical bending induced tensile-compressive features as mentioned by Yan et al. [36] are also 
observed. As seen in Fig. 6(b), three regions are found under the largest strain state, i.e., regions A1 
and A3 near the end, and regions A2 beneath the tip. Particularly, in region A2, the upper surface is 
observed under compressive state, with the bottom surface under tensile state. Furthermore, we find 
the partial dislocations are first nucleated around these regions, indicating they are preferred to deform 
plastically. From Fig. 7(e), these three regions are found to be occupied by partial dislocations when 
the NW is almost failure. In conclusion, consistent with the experimental results [35], this model 
allows the full spectrum of mechanical properties to be measured, ranging from elasticity to plasticity 
and failure.  
To calculate the related mechanical properties including Young’s modulus and yield strength, further 
discussions on the F-d curve in Fig. 6(d) are needed. Similar as discussed by Heidelberg et al. [51], 
the F-d curve is found linear-elastic when the displacement is smaller than half of one cross-sectional 
size, i.e., d<0.5h, which could be accurately predicted by the classical theory of Eq. 5. However, 
nonlinear pattern of F-d curve is generated as the displacement approaches one cross-section size. As 
pointed out in Fig. 6(d), the F-d curve becomes increasingly nonlinear as the displacement d passes h, 
and eventually leading to an ultimate cubic-like dependence on the displacement. It is obvious that Eq. 
5 is no longer applicable to such nonlinear F-d curve, and the nonlinear Eq. 6 should be considered. In 
order to test the accuracy of Eq. 6, we follow the same fitting procedure applied by previous 
researchers [35], i.e., using the data at small displacement to fit, and then extend to include 
increasingly larger displacement. Specifically, in this work, MD data that fall in the displacement 
between 0 and 0.5h, 0 and h are employed to fit with Eq. 5 and 6, respectively. 
The fitting results by Eq. 5 and 6 are compared in Fig. 6(d). Just as expected, we find the classic 
theory (Eq. 4) only matches the simulation results when the displacement is smaller than 0.5h. It can 
be concluded that without considering axial tensile force, Eq. 4 provides very poor description of the 
mechanical properties of NWs when the displacement is fairly large. In the contrast, the prediction 
results by Eq. 6 at larger displacement (d>h) are excellently agreed with the MD results until the NW 
reaches yield point. The excellent fit not only demonstrates that Eq. 5 is very good in interpreting the 
bending deformation of double clamped NWs with large deflection, but also suggests that the axial 
tensile force becomes crucial in bending deformation when the beam size is down to nanoscale. 
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Therefore, Eq. 5 that proposed based on the experimental measurements is found also suitable with 
the MD results. 
 
4.2.2 Young’s Modulus and Yield Strength 
Based on the above simulation model, further investigations of NW mechanical properties are then 
conducted. The F-d curves obtained from a group of Cu NWs are compared in Fig. 8(a). It is apparent 
that short NWs reveal early yielding, and also a large yielding force. In the meanwhile, a linear-elastic 
F-d curve is usually formed for short NWs, with nonlinear-elastic F-d curve generated for long NWs. 
The nonlinearity increases with the increasing of NW’s length. To compare the mechanical properties 
with tensile deformation, we also consider the NWs in this group under tensile loading. Comparisons 
are discussed as below. 
Fig. 8(b) plots the estimated Young’s modulus E by Eq. 5 and 6, together with the values from tensile 
deformation, which are determined directly from the stress-strain curves with the strain <3%. 
Evidently, the modulus values obtained from tensile deformation and Eq. 5 are very close to each 
other. However, certain disparity in modulus values appears as the NW length decreases. One 
possibility reason for such disparity is supposed due to the clamped condition in NW’s two ends. As 
seen in Fig. 8(b), the modulus values become more stable when the NW is longer than 20 nm, 
suggesting the boundary conditions of NWs affect a shorter NW more significantly than a longer NW. 
The similarity of Young’s modulus between tension and bending is actually showing certain 
discrepancy with previous works [32, 52]. Several factors are assumed contributing to such 
discrepancy, including the size of NWs, NW’s orientation, NW’s ending conditions, and the 
calculation techniques of modulus. Our estimations of E are also in good agreement with previous 
studies. For instance, a value of 70 GPa was reported for Cu NW under tensile deformation by Liang 
and Zhou [53]. Accordingly, we find modulus values from Eq. 6 appear smaller than those from Eq. 5. 
This finding is reasonable, as the stretching force leads to an enhancement of its rigidity [50]. 
Therefore, employing Eq. 6 to fit with the MD results, a smaller Young’s modulus would be obtained. 
The yield strength during bending deformation is also calculated according to Eq. 8 before the onset 
of plastic deformation. Comparisons are made with the yield strength during tensile deformation in 
Fig. 8(c). It is found that the yield strength during bending is larger than that during tensile 
deformation. Particularly, the yield strength from bending results increases with the increasing of NW 
length, while for tensile deformation, the yield strength appears almost the same (around 8 GPa). We 
expect that the bending deformation of the double clamped NW is always accompanied with the 
inherently induced tension, which thus, resulted in different yield strength. Furthermore, the 
increasing trend of yield strength is indeed indicating the increasing influence of axial tensile force as 
the NW length increases. 
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In general, the simulation model as well as the modified beam theory with axial effect provides a 
effective way to study the mechanical properties of NWs. Young’s modulus and yield strength 
obtained from both bending deformation and tensile deformation are comparable with each other. 
However, as seen in Fig. 8(b), disparities are observed in the values of Young’s modulus when the 
NW length is small. Previous researchers have proposed different explanations for this size 
dependence property, e.g., Miller and Shenoy [54] suggest that the changes in elastic modulus are 
primarily because of the surface elasticity. Other factors are also observed to result the observed 
trends in modulus, such as the nonlinear elastic response of the NW core when NWs subjected to 
uniaxial loads [55]. Therefore, further studies are required to identify the size dependence property of 
Young’s modulus. 
 
4. Conclusion 
Conclusively, based on the AFM-bending experiments, we have established a MD bending simulation 
model which could accurately account for the mechanical properties of NWs in a clamped-clamped 
beam configuration. The classical Euler-Bernoulli beam theory with and without considering axial 
effect are discussed and compared with the MD results. The Young’s modulus and yield strength 
estimated from bending deformation are compared with those from tensile deformation. Major 
conclusions are summarised as below: 
1) Loading rate exerts significant influence to the mechanical behaviours of NWs. High loading rate 
would induce severe local plastic deformation beneath the tip, or even leading the deformed area 
in an amorphous state. The higher loading rate usually induces higher reaction force. A loading 
rate lower than 10 m/s is found reasonable for a homogonous bending deformation; 
2) Both loading rate and potential between the tip and the NW are found to play an important role in 
the adhesive phenomenon. In particular, different potential parameters show obvious influence to 
the adhesive force, but exhibit little influence to the whole deformation behaviours of NWs; 
3) The AFM-bending procedures are reproduced by the MD simulation. The force versus 
displacement (F-d) curve is highly consistent in shapes with those obtained from experiments. 
Symmetrical F-d curves during loading and unloading processes are observed, which reveal the 
linear-elastic and non-elastic bending deformation of NWs; 
4) Full spectrum of mechanical properties of NWs, ranging from elasticity to plasticity and failure 
are unambiguously revealed by the MD simulation. In addition, the typical bending induced 
tensile-compressive features is observed; 
5) Consistent with the experimental results, the F-d curve is linear-elastic when the displacement is 
smaller than half of one cross-sectional size, i.e., d<0.5h. When the displacement increases, 
nonlinear pattern of F-d curve is shown, with the nonlinearity increases as the displacement pass 
one cross-sectional size; 
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6) The simulation results are excellently fitted by the classical Euler-Bernoulli beam theory with the 
consideration of axial effect. It is concluded that, axial tensile force becomes crucial in bending 
deformation when the beam size is down to nanoscale for double clamped NWs, especially when 
the deflection is fairly large; 
7) For short NWs, an early yielding and a large yielding force are observed. In the meanwhile, a 
linear-elastic F-d curve is usually formed for short NWs, with nonlinear-elastic F-d curve 
generated for long NWs. The nonlinearity increases with the increasing of NW’s length; 
8) Mechanical properties (Young’s modulus & yield strength) obtained from both bending and 
tensile deformations are comparable with each other. Specifically, the modulus is essentially 
similar under these two loading methods, while the yield strength during bending is observed 
larger than that during tension.  
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Tables: 
Table 1. Parameters of Morse potential for Cu-Cu atomic interaction. 
Parameters D ( eV) a (Å
-1
) r0 (Å) 
M1 0.1 1.7 2.2 
M2 0.087 5.14 2.05 
 
 
Figures: 
 
Fig. 1. MD simulation model of a Cu NW under bending. The cylindrical rigid tip is placed right at the middle of the NW. 
 
 
 
Fig. 2. F-d curve of Cu NW under the loading rate of 1 m/s. The NW size is 2.892×2.892×14.46 nm3. 
 
 
 
Fig. 3. F-d curves under different loading rates. (a) F-d curve during loading and unloading; (b) F-d curve at the beginning 
of loading; (c) F-d curve around the maximum displacement. 
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Fig. 4. Atomic configurations of Cu NWs: Loading rate of 50 m/s: (a1) & (a2) at the displacement of 1.1 nm, and (a3) when 
full unloaded; Loading rate of 15 m/s: (b1) & (b2) at the displacement of 1.05 nm, and (b3) when full unloaded; Loading rate 
of 1 m/s: (c1) & (c2) at the displacement of 1.05 nm, and (c3) when full unloaded. Figures in the first row are coloured 
according to the stress tensor value. The rest are coloured according to the csp value. 
 
 
Fig. 5. F-d curves. (a) Unloading F-d curves under different loading rates; (b) F-d curves under different potentials. 
 
 
Fig. 6. F-d curves for different loading paths. (a) Loading and unloading process with the maximum displacement of 1.3 nm; 
(b) Loading and unloading process with the maximum displacement of 2.9 nm; (c) Loading and unloading process with the 
maximum displacement of 4.5 nm; (d) Entire loading process together with fitting results from Eq. 5 and 6. 
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Fig. 7. Atomic configurations of Cu NW at different displacements. (a) d=2.9 nm; (b) d=2.9 nm, coloured according to the 
atomic stress tensor value; (c) Full unloaded after the maximum displacement of 2.9 nm; (d) d=4.5 nm; (e) d=7.7 nm. Figures 
a, c, d, e are coloured according to the csp value. 
 
 
 
Fig. 8. MD results of Cu NWs with the length ranging from 14.46 nm to 32.535 nm. (a) F-d curves; (b) Comparison of 
estimated Young’s modulus; (c) Comparison of estimated yield strength. 
 
